A process to coat nanoparticle agglomerates has been developed and its critical operation parameters have been studied in this work. It consists on a fluidized bed where a supercritical anti-solvent process (SAS) takes place. Titanium dioxide (TiO2), used as model nanoparticle, has been coated with a polymer, Pluronic F-127, from an ethanolic solution. As main factors that can affect the coating process, the following process parameters were studied: the ratio between the velocity of carbon dioxide through the bed and the minimum fluidization velocity (umf), with values from 1.5 to 2.5 times the umf; the density of carbon dioxide, varying from 640 kg/m 3 to 735 kg/m 3 approximately; the flow rate of solution, within an interval between 0.5-2 mL/min; the concentration of the solution, from 0.030 mg/mL to 0.090 mg/mL and the mass ratio polymer-particle, 0.45-1.8 g/g. The process parameters were selected taking into account the values that increased the yield, defined as gram of coating material per gram of introduced polymer amount, and maintained a unimodal particle size distribution (PSD), with low increment in the mean particle size with respect to raw TiO2. All the samples were analyzed by four different methods, which showed the successful results of the experiments. The yield was analyzed gravimetrically, and the PSD was determined by laser diffraction. The presence of polymer on the surface of the nanoparticle agglomerates was verified by FT-IR spectrum and fluorescence microscopy, which also showed the quality and uniformity of the coating. Furthermore, the bulk density of the samples was measured showing a lineal variation with the mass ratio polymer-particle.
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Introduction
Nowadays, nanoparticle technology has found important applications in fields such as electronics, catalysis, biomedicine, biotechnology or food industry. This interest in nanoparticles resides in their small size (<100 nm), morphology, particle size distribution and composition, which represents a bridge between bulk materials and atomic or molecular structures. However, working with fine particles, agglomeration presents a serious problem because of their strong cohesive forces. Nanoparticles are in 'Geldart group C' [1], which is characterized by the rise of cohesive forces like Van der Waals, electrostatics and liquid bridge forces [2] . Van der Waals force intensity, which is inversely proportional to the diameter to the sixth power, is assumed as the most important cohesive force in nanoparticles that lead to the formation of agglomerates.
A large number of nanoparticles require special treatments in order to improve their properties to be used in some fields such as pharmaceutical, alimentary or fertilizing industries. With the addition of a coating layer, some of their properties can be modified, like hygroscopicity, morphology or bulk density [3] . In addition, this coating is used to protect high value added products, encapsulate hydrophobic and/or toxic substances.
Fluidized bed has been commonly used in many chemical processes in order to encapsulate particles, but nanoparticles cannot be fluidized, only their agglomerates [4] . Several authors have define two different kinds of nanoparticle fluidization, agglomerate particle fluidization (APF) which is characterized by homogeneous bed expansion, absence of bubbles, uniform agglomerates distribution and high expansion relation. This type of fluidization appears in particles with a bulk density lower than 100 kg/m 3 that form porous light agglomerates. The second type is the agglomerate bubbling fluidization (ABF) which takes place when bulk density is higher than 100 kg/m 3 , and it is characterized by low expansion relation and sedimentation of agglomerates, which are weighty and compact [4, 5] . These characteristics make APF particles profitable for coating since ABF, due to low bed expansion, have a major aggregation tendency [6] .
Some technics have been developed to improve cohesive particle fluidization reducing the agglomerates size: ultrasounds, mechanical vibration, mechanical stirring, electrical fields, pulse gas flow, centrifugal field, and secondary flows [4, 7, 8] . In this work supercritical fluids (SCF), whose density and viscosity are easily tunable with small changes in pressure and temperature, are tested; since it has been proved that these properties change the dynamic equilibrium inside the bed enhancing fluidization quality [6] .
Furthermore, in the last decades, the use of SCF has grown noticeably in precipitation processes versus conventional techniques [9] . The reason is that the final particle size obtained in the processes, the size distribution and the morphology of the particles can be easily controlled [10] . Depending on the role that SCF performs, there are three different process groups: solvent, anti-solvent or co-solvent. Many authors have used the combination of fluidized beds and supercritical fluids for coating of microparticles, especially RESS process where the SCF acts as solvent. The rapid expansion of the supercritical solution (RESS) causes very high supersaturating ratio of solute in the spraying flow, forming a large number of superfine nuclei. T.J. Wang et al (2001) [3] covered core particles simulating drug compounds with paraffin and obtained a uniform covering with a thickness near 10 nm. In 2002, R.Schreiber et al [11] , covered microparticles with a wax. The results were good for most of the experiments with thickness varying from 0.6-0.42 µm, except for those particles with bigger cores (100-200 µm) where thin but incomplete covers were obtained. This effect can be explained because of the insufficient mixing inside the fluidized bed. C. Vogt et al (2004) [12] achieved smooth and complete covers over different types of solids, but only with yields near 50%. In 2008, S. Rodríguez-Rojo et al [13] , tested two different ways of injecting a paraffin coating solution in the SC-CO2, bottom and top spray. The results showed the microparticles glass beads were totally covered and no aggregation was achieved when the solution is feed through the top spray. The RESS process limit the range of coating agents that can be used since it must be soluble in the SCF. A better option is performing a process in which the SCF acts like an anti-solvent, like supercritical anti-solvent process (SAS), that has been widely used in preparing micro/nanoparticles because of lower residual solvent in products, simple step and mild operating conditions [14] . To carry on this process the solute of interest has to be dissolved in an organic solvent. The solute must be insoluble in the supercritical phase; however, the organic solvent must be soluble in the SCF. When the solution enters in the super critical phase through a nozzle, the solvent is dissolved in the SCF, which acts as anti-solvent, reaching the super-saturation and causing the precipitation of the solute as fine particles. The only example so far exists consist on a curcumin nanoparticles coated by PLGA using a novel fluidization assisted supercritical anti-solvent procedure [15] . Furthermore, in this work, supercritical anti-solvent is assisted with ultrasonic vibration to improve mixing effects. At best operating conditions the minimum diameter obtain after the coating process is three times the initial diameter but precipitation yields were only of 51%.
This work presents a combination between a supercritical fluidized bed of nanoparticle agglomerates in SCF-CO2, with a SAS process. The objective is to study the coating process of nanoparticle agglomerates with a polymer taking the advantages of the heat and mass transference in fluidized bed and the solvent power of SCFs. In addition, the parameters that define the process are discussed in order to optimize the process.
Titanium dioxide (TiO2) was chosen as nanoparticle model material, meanwhile the selected organic solvent was ethanol (EtOH) due to its high solubility in SCF-CO2 and it is one of the most used in anti-solvent processes [16, 17] . The coating agent used in all the experiments was Pluronic-127 (F-127), a hydrophylic block copolymer with applications in drug delivery systems [18] [19] [20] . Besides, it good properties as coating agent, it has excellent wetting properties in solution and readily forms films after solvent evaporation.
Experimental

Materials
Titanium dioxide, AEROXIDE® TiO2 P 25, was a gift from Evonik Industries. The powder properties are displayed in Table 1 . As it can be observed in Figure 1 
Experimental device
In Figure 2 Once the operational conditions of pressure and temperature are reached, the solution of the polymer in ethanol is pumped at 318 K, P-2 (membrane pump EH-M-510V1, Lewa), inside the fluidized bed through a nozzle with an internal diameter of 0.572 mm situated inside the basket. When the solution get in contact with the supercritical carbon dioxide, the SAS process takes place. The ethanol is solved by the CO2 and this mixture is expanded until ambient conditions in the last vessel, T-3, which acts as a liquid-vapor separator in order to get a gaseous phase rich in CO2 and a liquid phase, ethanol, gathered by opening valve V-5. After a defined operating time, there is a drying period of 30 minutes in order to eliminate any residual ethanol from T-2.
Product characterization
In order to determine the coating quality and the process efficiency, several qualitative and quantitative techniques have been used.
Coating yield
Coating yield (%η) is defined as the percentage of the ratio of the mass of Pluronic F-127 deposited on the particles (mdeposited) to the total amount of polymer pumped into the vessel (mintroduced) ( 1 ). It has been calculated by means of a gravimetric analysis. The samples were divided in three crucible and introduced in a furnace at a temperature of 550 ºC for the period of 72 hours to determine the mass of polymer deposited during the process by weight difference of particles before and after the calcination of the polymer.
( 1 )
Mean particle size and particle size distribution
In order to determine the particle size distribution, the laser light scattering equipment Malvern Mastersize 2000 in dry via (Scirocco 2000 accessory) with red light (Max. 4mW helium-neon, 632.8nm) was used. The equipment has an accuracy and a reproducibility better than 1%. The particle size distribution has been expressed in % number and % mass (volume). Besides, the mean particle size of the distribution was characterized by the d3.2, or Sauter Diameter, which is the diameter of a sphere that has the same volume/surface area ratio as the entire particle size distribution. Pluronic F-127 refractive index chosen was 1.467 while titanium dioxide was 2.741.
Morphology: Fluorescence Microscopy
Additionally, in some experiments fluorescein sodium salt was added to F-127 at a concentration of ca. 0.01 µg/mL. In this case the fluorescein sodium salt acts like a fluorophore, a chemical compounds that can re-emit light upon light excitation. The samples are illuminated with a green light of a specific wavelength (495 -570 nm) which is absorbed by the fluorophores causing them to emit light of longer wavelengths.
By this re-emission, it is possible to observe if the polymer with the fluorescein sodium salt is deposited over the particle surface. The microscopy used to obtain the images of the samples was a Leica DM4000 B (Wetzlar, Germany).
Bulk density determination
The bulk density of coated particles was determined as follows, a constant volume of 1 mL of each sample was measured and then weight in order to calculate the density of the powder. This procedure was repeated five time for each sample to minimize the error.
Structural characterization: FTIR analysis
The fingerprint of the pure components and the samples has been determined by Fourier Transform Infrared Spectroscopy (FT-IR) to check the presence of the coating agent on the particle surface and if it covers the core particles completely. IR spectra of the samples were recorded on a Bruker ALPHA FT-IR apparatus equipped with a Platinum ATR module including a diamond crystal. The spectra in the range from 4000 cm The effect of several operational parameters on yield, final particle size and particle size distribution has been studied. The value of each parameter was chosen to reach the maximum yield and to obtain the narrowest PSD and the smallest mean particle size.
These parameters were the flow ratio between the flow rate of carbon dioxide and the minimum fluidization flow rate, the density of the carbon dioxide, the flow of solution, the concentration of the solution and mass ratio polymer-particle. The conditions and the results of all the experiments are gathered in Table 2 .
Carbon dioxide flow rate
The effect of the CO2 flow rate has been analyzed in experiments 1-3, where the ratio u/umf was varied between 1.5 and 2.5 times the umf. To ensure the fluidization state, the minimum flow selected was 1.5 times the umf . The maximum flow was 2.5 times the umf in order to avoid dragging of the particles. Minimum fluidization velocity (umf) for titanium dioxide nanoaglomerates was determined in a previous study (P = 10.5 MPa, T = 309.15 K, umf = 0.027 cm/s) by the determination of pressure drop across the bed [21] using the system described in Rodriguez-Rojo et al. [22] . As shown in Table 2 , the higher the relation u/umf is, the higher the yield achieved. Besides, the smallest particles were obtained in run 3, which corresponds to a relation u/umf of 2.5 as Figure 3 shows.
When the flow of carbon dioxide is higher, the fluidized bed is more expanded, the mixing is better [22] and the solution can wet better the particles. In addition, at higher flows, ethanol is faster solubilized and any possible residue on the polymer film can be easily dried resulting in smaller and less agglomerated product.
Carbon dioxide density
Fluid density is an important parameter regarding fluidization, since high values enhance fluidization, as fluid molecules are closer. Supercritical carbon dioxide density can be easily tuned by moderate changes in pressure and temperature. Besides, its solvent power is also modified [22] .
In this work the variation of pressure and temperature was limited due to the reduction of the melting point of the polymer in the presence of pressurized CO2 to 310.1K at pressure above 8.8MPa. Therefore, operating temperature was fixed at 309K (±1) and the minimum operating pressure was set at 8.8 MPa [23] . So, the operating temperature was always below this value. 
Solution flow rate
The volumetric flow rate of the solution was also tested with three different values, 0.5 mL/min, 1 mL/min and 2 mL/min, in runs 12, 11 and 6, respectively. These values were selected taking into account SAS process studies of other authors [24] [25] [26] , where the mass flow of CO2 varies from 0.5-2 kg/h. The results showed in Table prove that the yield decreases with solution flow because when more, and also faster, ethanol is introduced in the fluidized bed, more difficult will be to remove it. Theoretically, CO2
and ethanol find itself, according to the phase diagram, in a unique phase at experimental conditions. However, in the presence of F-127 this equilibrium varies and it might be possible not to be a unique phase which complicate the drying. In the case of the final diameter of the particles, no significate changes can be seen. All d3,2 values are between 3-5.5 µm. This behavior could be caused by the fact that the deposited amount of polymer does not increase with the solution flow because the polymer-particle mass ratio is kept constant [25] . A different behavior for the yield is observed in the work of F. Zabihi et al. [15] , where the yield increases with the solution flow. Besides, the highest yield value achieved is smaller (50%) than the presented in this work (92%).
Another difference between both works resides in the tendency of the final particle size. 
Solution concentration
Three different concentrations of the solution were tested: 0.03 g/mL, 0.06 g/mL and 0.09 g/mL, being the last concentration the solubility value that has been found experimentally for F-127 in ethanol at 318 K. The operating time for each concentration was: 60 min, 30 min and 20 min, respectively for runs 6, 7, 8 , in order to obtain the same polymer-particle ratio. Overall, the results presented in Table 2 show that the yield decrease with the concentration. The main reason for this behavior is that, the more concentrate the solution is, the faster the process is, and hence, there is not enough time to distribute the polymer uniformly over the agglomerate surface.
Furthermore, the diameter of the coated particles did not show significant differences between the three experiments, with values for d3,2 between 0.8-1.0 µm, being the smallest for a concentration of 0.03 g/mL. Similarly, particle size distribution in number did not show important differences between the three experiments, apart from the fact that PSD at 0.03 mg/mL show a multimodal distribution in the same range of particle size (Figure 4) . Therefore, the PSD in volume was analyzed since it allows detecting the presence of big agglomerates. These data are collected in Figure 5 and show that the biggest particles are obtained with a concentration of 0.03 mg/mL, which, in principle, is not coherent since the deposition velocity is smaller. This result can be explained taking into account that the experiment time is longer in this case (60 min) to achieve the same theoretical polymer-particle ratio. Therefore, more ethanol was used that may have make more difficult the drying process producing a bigger number of agglomerates. Meanwhile, the smallest particles are obtained with a concentration of 0.06 mg/mL.
Mass ratio polymer-particle
Four different values of mpolymer/mparticle (g/g) were tested: 0.45, 0.9, 1.35 and 1.8 g/g in runs 6, 3, 9 and 10 respectively. These values have been selected according to the literature [27] . The variation of the yield with the mass ratio showed a convex form with a maximum value near 0.9 g/g. Besides, with this mass ratio the obtained particle size distribution is closer to the initial size distribution of TiO2. This behavior is explained for the same reason as in the previous section: on one hand, if the ratio mpolymer/mparticle (g/g) increases, the number of agglomerates also increase and there is no uniformity on the product size.
Due to the fact that the yield is calculated by the weight difference between the calcined and the total amount of polymer introduced there must be a minimum quantity of polymer, as Wang et al. indicated [28] , to encapsulate the particle. This parameter cannot be optimize because it depends on the requirement of the product. Also, the thickness of the coating depends on a technical limitation as the tendency on Figure 6 shows. This behavior is also explained by other authors [29] . There is a maximum quantity of polymer that can be deposited because the deposition is formed by a layer succession. The theoretical coating thickness varies from 5 to 25 nm, depending on the time and, at long time the thickness approaches a constant value. Thickness was calculated assuming that the particles are spheres and the polymer is distributed uniformly (vide equation ( 2 ))).
( 2 )
Where is the averaged radius of the particle, the thickness of the coating, is the total volume of the particle with the polymer, the volume of the particle without the polymer and the volume of the deposited polymer. The latter is calculated by the relation between the mass of the particle and the amount of polymer (equation 3).
Where polymer is the density of the polymer, R the mass ratio between polymer and particle and η coating yield.
V D = (R· m particle )/ρ polymer ·η (3) However, it is possible to define an optimum operational range taking into account values of yield and particle size, from value 1 g/g and 1.4 g/g. Working at mass ratio near 2 g/g, the number of agglomerates and the product size increase dramatically. If more time is required, more ethanol will be introduced and the drying will be more difficult.
Bulk density
An interesting property modified with the coating is bulk density. When particles are coated, their bulk density changes as more matter is added to the substance. Titanium dioxide presents a very low bulk density, 90 kg/m 3 , which makes difficult to handle it.
The coating process increases linearly the bulk density of the powder with the mass ratio polymer-particle, as shown in Figure 7 and improves their handling. This evidence the presence of a polymer coating and it is an easy way to analyze if the process is working properly.
Morphology: Fluorescence Microscopy
Fluorescence microscopy was used in order to prove the polymer was deposited over the surface of the nanoparticles agglomerates. As shown in Figure 8 , the polymer dyed with fluorescein sodium salt is uniformly distributed over the agglomerates. Therefore, it is showed that this new method is suitable for a good coating of nanoparticle agglomerates.
FT-IR spectrums
The deposition of Pluronic over titanium dioxide particles surface has been demonstrated also by FT-IR analysis. To perform these analysis, a representative and homogeneus quantity of the coated particles from each experiment were used. Coated particles from all experiments have a similar fingerprint. These spectrums, as shown in Figure 9 , are similar to that of titanium dioxide and present the most representative Pluronic peaks at 1,100 and 2,900 cm -1
. Since the penetration beam of the equipment is 2 µm, the thickness of the coating agent is totally pierced being the major sample compound analyzed titanium dioxide in all the cases. Nevertheless, these spectrums are a hint that particles are covered with the polymer.
Conclusions
A nanoparticle agglomerate coating technique in a fluidized bed via SAS process has been studied and its operational parameters have been analyzed. This process, combining the advantageous characteristics of fluidized beds (good mass and heat transfer and easy temperature control) and anti-solvent process, has been found to be a good alternative to cover nanoparticle agglomerates obtaining thin and uniform coatings maintaining a narrow and unimodal distributions. Further, the operational parameters were selected based on the yield and the PSD.
Although a statistical studio was not done, the variables that have produce more variations on the yield are the solution flow and the solution concentration. In the range studied, this parameter change from 30% to 100%, being the best option to work at low flows and dilute concentrations. Meanwhile, the mass ratio polymer-particle affects significantly the final particle size varying from 0.60 -3.00 µm. In addition, it is not a parameter that can be optimize because it depends on the specifications of the product and also on the operational maximum due to the formation of the coating by a layer succession.
Furthermore, it was observed by fluorescence microscopy that the polymer was present over the whole agglomerate surface. Other evidence that shows this process works is the variation on the bulk density, which increases linearly with the ratio polymerparticle. Besides, the FT-IR spectrum point out there are variations between the result for the particle with polymer and without it. Thanks to the coating, the bulk density changed and the manipulation of the particles is enhanced. Table   Table 1 : Powder physical properties. 
